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A moving magnetic domain wall produces an electromotive force (emf). It is therefore possible to
read the state of a magnetic memory device via the emf it produces when subject to an interrogation
pulse. It is also possible to amplify currents in pulse circuits, opening up the possibility of all
magnetic logic circuits.
PACS numbers: 85.75.-d, 85.75.Ff, 85.90.+h, 75.60.Ch, 75.75.+a
There is considerable interest in magnetic random ac-
cess memory (MRAM) both from the technological and
fundamental levels. It is now well appreciated that the
state of such a device can be switched through the an-
gular momentum transfer process, i.e., by simply passing
a suitable current[1]. Very recently the use of domain
walls as the active part of such memory has attracted a
lot of attention since the switching currents jc are much
smaller than those relevant to pillar designs[2]. The the-
ory of the angular momentum process is actually easier in
this case and, apart from issues of how relaxation should
enter, is now fairly well understood[3, 4, 5, 6, 7]. While
the state of such a domain wall memory device might
be switched by a current, it is usual to imagine reading
its state using magneto-resistive effects[8] . Both read-
ing and writing a MRAM element would involve regular
semiconductor technology. The purpose of this letter is to
show how such a domain wall MRAM element might be
read by making it drive a current in an external circuit,
i.e., by the inverse of the writing process. Also discussed
is how currents might be amplified using other magnetic
elements which function through the displacement of do-
main walls. In this manner it becomes feasible to use
magnetic only devices in logical circuits.
The principal ingredient in what is discussed here is
the existence of an electromotive force (emf) E generated
by a moving domain wall subject to a pressure. That this
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FIG. 1: Wire geometry discussed in connection with the wall
generated emf. The domain wall show at the center of the wire
moves in the z-direction due to the pressure Pz generated by
the applied magnetic field ~B. The emf generated by the wall
might be measured by the external voltmeter as shown.
exists can be shown in a number of ways. Here it will be
deduced from the principles of the conservation of angu-
lar momentum and energy. Consider the wire geometry
shown in Fig. 1. For simplicity the wire is assumed to
be made of a half metal ferromagnet and to have a cir-
cular cross section. The anisotropy energy is such that
far from the domain wall the magnetization points along
the wire, here taken to be the z-direction. A pressure
Pz is exerted on the wall. Again for simplicity imagine,
initially, this is due to a static magnetic field ~B = B0zˆ.
The pressure exerted by this field is Pz = 2SgµBB0/vc,
where vc is the unit cell volume and S the magnitude
of angular momentum in this volume. The basic torque
transfer process[3, 4, 5, 6, 7] follows from the conserva-
tion of, Sz, the z-component of the total angular momen-
tum. An electron which has sz = −~/2 when it is to the
left of the wall, will have sz = +~/2 when it is to the
right. The change ~ of angular momentum is absorbed
by the wall resulting its movement from z to z+∆z. For
the displacement ∆z the change in angular momentum
is 2S∆zA~/vc where A is the cross-sectional area. Given
an electrical current density j, using the conservation of
Sz, the wall velocity,
v0 =
vc
2eS
j ≡ C0j. (1)
This agrees with the usual result[5, 6, 7] for the angular
momentum (or torque) transfer mechanism. Taking the
lattice constant for Ni and assuming S = 1, the constant
C0 ≈ 3× 10−11m3/C. Since the wall velocity v0 is finite,
(PzA)v0 is the rate at which the wall is doing work. The
conservation of energy dictates that this work must be
given to the external circuit as a power E(jA), i.e., the
wall produces an emf,
E = Pzvc
2eS
, (2)
again agreeing with the result obtained by other
methods[9]. Accounting for the finite polarization p of
the conduction electrons this becomes E = p(Pzvc/2eS).
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FIG. 2: A memory element which will produce a current when
read. To the left, the system is in the “1”-state. The middle
contact b is placed just to the left of middle wide point of the
device. A current between a and b will carry the wall past
the unstable equilibrium point. As it moves towards the “0”-
state under the influence of a Pz implicit in the device shape,
it will produce an output emf between b and c. No emf occurs
if the system is in the “0”-state. The system can be switched
between “0” and “1” by a passing a suitably directed current
between a to c.
This emf can be used to drive a current in an external
circuit, in a process in which the magnetic energy stored
in the wire is being converted to electrical energy. For
p ∼ 1, E is approximately 100µV/T.
The devices described below use the emf given by
Eqn. (2) in an essential manner. Importantly for the
present purposes, a magnetic field is not the only method
by which to exert a pressure. Alternatively, use is made
of the inherent energy of a domain wall. The magnetic
energy per unit area of a wall σw =
√
KA where A
andK are the exchange stiffness and magneto-crystalline
anisotropy, respectively. For a wire of cross-sectional area
A(z) the wall energy is Uw = σwA(z), there is a force
Fw = − ∂∂zUw along the z-direction, and a pressure
Pz = − 1A(z)
∂Uw
∂z
. (3)
A constant pressure Pz and hence a constant emf E ,
given by Eqn. (2), corresponds to a cross-sectional area
A(z) = A0e−z/d whence Pz = σw/d and E = C0(σw/d).
With these expressions, the maximum values of Pz ≈
σw/w ≈ K and E ≈ C0K correspond to d ≈ w, where
w =
√
A/K is the wall width. For Permalloy, with
K ≈ 105J/m3, this gives E ≈ 3µV. Larger values of
Pz and E possible when A(z) changes more rapidly, cor-
responding to smaller values of d, require additional dis-
cussion and will not be dealt with here.
Consider, from the present perspective, the operational
principle of the basic “peanut” memory device[8] illus-
trated in Fig. 2. The domain wall has two stable equilib-
rium positions “0” and “1” and might be switched from
one to the other using an external current. Such a device
can made to give a current output using the emf gener-
ated by the moving wall. In such a design, the device is
read by applying a current between a and b. It is im-
portant that b lies just beyond the point at which the
wall energy has a maximum. If the wall lies in position
“1”, it will be dislodged by this reading pulse, and once
it passes the half-way point, will induce an output in the
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FIG. 3: A power amplifier. The contact b is again placed just
to the left of a wide point. Starting with the initial state,
top left, a pulse between a and b moves the wall from “1” to
b, i.e., to a point at which there is a pressure Pz to the left.
There is an emf between b and c as the wall moves between b
and “0”. The final state is shown at the bottom left. To the
right is shown the energy profile of the device.
circuit connecting b and c. Clearly, there will be no such
current pulse if the wall is initially in position “0”. Here
the pressure Pz , switching current jc and emf reflect the
shape of the bridge.
Current and power amplification might be achieved by
the device shown in Fig. 3. Now only the equilibrium
situation “0” is a truly stable. An initialization pulse
or a suitably magnetic field cycle latches the system in
the metastable equilibrium position “1”. A small short
current pulse between a and b causes the wall to leave
“1” and the pressure Pz implicit in the design produces
an emf and hence a large current output in that part of
the circuit which is connect to b and c. Isolation of input
and output is afforded by the small distance 1 to b and
again it is important that b lies just beyond the point
at which the wall energy has a maximum. The potential
seen by the wall is also illustrated in Fig. 3. A large gain
implies a small barrier, of height Eb, at an energy Ea
relative to “0”, and which is large compared to Eb. In
fact, the power gain g is limited by, and is approximately
equal to,
g =
Ea
Eb
. (4)
The input pulse must raise the wall over the barrier, i.e.,
must give an energy Eb while the maximum energy which
is given to the external output circuit is evidently Ea.
An advantage of the present devices is the macroscopic
nature of the domain wall. This reduces enormously the
effects of thermal fluctuations. With the wall in po-
sition “1” of Fig. 3 it might either tunnel or be ther-
mally excited out of this unstable equilibrium. For the
sake of illustration imagine the the effective field due to
3the Pz is 0.1T or ∼ 0.1K. Even if the wire only has
102 atoms in both perpendicular directions there are 104
spins in a cross-section and, for a wall with a length of
w ∼ 102 spins, it is implied that the barrier height is
106 × 0.1 ∼ 105K which precludes the possibility of es-
cape by both thermal excitation and tunnelling, even at
room temperature.
The present devices are inductive in nature, i.e., they
store energy in magnetic form. The emf given by Eqn. (2)
reflects the exchange of this energy with the external
world. If the material losses were infinitesimally small, it
would be possible to construct dissipation free circuits.
In order to understand this, consider the memory device
of Fig. 2 with the wall at “1”. Imagine a digital circuit
designed to operate with pulses of fixed duration T and
that there is an input voltage Vab applied across the part
ab. The resistance between ab is Rab. The wall produces
an emf Ei, Eqn. (2), which by Lenz’ law opposes Vab.
There is some ab current iab required to move the wall
at the desired speed, v0 and which can be deduced from
Eqn. (1), T , and the device geometry (see below). The
ratio of the dissipation iab
2Rab to iabEi the power deliv-
ered to the device is R ≡ iabRab/Ei and indeed vanishes
as Rab goes to zero and otherwise is small if Ei is large.
Since Vab − Ei = iabRab it follows Vab ≈ Ei when R ≪ 1.
Given the device dimensions, the resistivity ρ and the
anisotropy constant K, the minimal pulse length T , and
hence the maximum operating frequency, is determined.
Take the lengths ℓ0b ≈ ℓb1 in Fig. 2 to be minimal, i.e., of
order w. The voltage drop iabRab ≈ ρjabw where jab is
the current density corresponding to iab. From Eqn. (2),
v0 = C0jab while from the dimensions v0 ≈ ℓb1/T ≈
w/T . It follows R ≈ ρw2/C02TK = ρA/C02TK2 us-
ing Ei ≈ C0K. For Permalloy with πw ∼ 30nm and
K ≈ 105J/m3, requiring R = 0.2, gives T = 5 × 10−8s.
However, R ∝ ρ/K2 and high conductance, hard, mag-
netic materials are best suited to the present purpose.
Permalloy is, in fact, engineered to be both extremely
soft and to have a high resistance. Clearly T will be
many orders of magnitudes smaller for a hard magnet of
low resistivity.
The output from the basic memory devices might be
combined in such a fashion as to perform basic logical
functions. If the voltages are maintained at a certain
level Ei, after a number of steps in the logic chain the
current transmitted to the next stage in the cascade will
be attenuated below optimal levels. At this point the
amplifier of Fig. 3 can be used to restore the current
levels. Unlike usual amplifiers, the energy used in the
amplification process is stored in the device by the ini-
tialization, as described above. Assume R ≪ 1. The
operating voltage Ei is reflected in the value of d associ-
ated with both parts between 1b and b0. The time T and
the input current iab determine ℓb1. The energy input∫ T
0
iabEidt ≈ Eb while the output current is determined
by
∫ T
0
ibcEidt ≈ Ea. The emf Ei is designed to be time
independent whence, e.g.,
∫ T
0
iabEidt = 〈iab〉EiT defines
the average current 〈iab〉. The current gain is then,
〈ibc〉
〈iab〉 ≈
Ea
Eb
= g, (5)
i.e., corresponds to the estimate made above.
The perpendicular anisotropy K⊥ has been assumed
negligible. This is usually not the case for thin film wires.
Square or round wires[10], and other methods, must be
used to reduce this anisotropy energy to a minimum.
In summary, it is possible to construct low dissipation
magnetic memory and amplification devices which use in
an essential way the emf generated by a moving domain
wall.
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